ABSTRACT. The Holocene Dead Sea and the late Pleistocene Lake Lisan were characterized by varying radiocarbon reservoir ages ranging between 6 and 2 ka in the Dead Sea and between 2 ka and zero in Lake Lisan. These changes reflect the hydrological conditions in the drainage system as well as residence time of 14 C in the mixed surface layer of the lake and its lower brine. Long-term isolation of the lower brine led to 14 C decay and an increase in the reservoir age. Yet, enhanced runoff input with atmospheric 14 C brings the reservoir age down. The highest reservoir age of 6 ka was recorded after the sharp fall of the Dead Sea at ~8.1 ka cal BP. The lower reservoir age of zero was recorded between 36 and 32 ka cal BP, when the Lake Lisan mixed layer was frequently replenished by runoff.
INTRODUCTION
Radiocarbon dating of the Dead Sea shallow and deep water masses, as well as its carbonate sediments, depends on the evaluation of the "reservoir age" (RA) of the water, which requires an understanding of the fate of 14 C during the runoff evolution that is the main dissolved inorganic carbon (DIC) input into the lake. Waters flowing over carbonate terrains, like the Judean Mountains west of the Jordan-Arava Valley, or percolating through carbonate aquifers, may contain substantial amounts of "dead" carbon in their DIC. This DIC gets incorporated into the "new" precipitated carbonates, causing an apparent increase in the 14 C ages.
Analyses of fresh and saline waters from the Dead Sea drainage area show that runoff waters are characterized by a high percent of modern carbon values (~100 pMC), while springs that percolate throughout the Cretaceous carbonate aquifers are characterized by significantly lower values (~50 pMC, cf. Talma et al. 1997) . Most of the annual bicarbonate supply for aragonite precipitation in the Dead Sea-lacustrine system comes from freshwater, while the Dead Sea brine supplies calcium Barkan et al. 2001) . Therefore, aragonite layers deposited in the Dead Sea may contain various amounts of 14 C depending on the proportions of water types entering the lake and the nature of their relative mixing with Dead Sea brine (besides possible age effects). The combined effect of these mechanisms determines the reservoir age of the Dead Sea.
The Holocene Dead Sea is a remnant water body after the significantly larger, deeper, and relatively less saline Lake Lisan that existed in the Dead Sea basin during the Last Glacial period (Neev and Emery 1967; Begin et al. 1974; Katz et al. 1977; Stein 2001) . The annual nature of sedimentation in the lake (Migowski et al. 2004 ) and the possibility to obtain both 14 C ages from the aragonite laminae and from associated organic debris opens a way to resolve secular changes in the 14 C RA in the lake. In this paper, we summarize the available 14 C RA data from the late Pleistocene Lake Lisan (for the time interval of 36 to 17 ka BP) and the Holocene Dead Sea (past 10 ka), and discuss their relation to the hydrological-limnological history of the lake system.
LAKE LISAN AND THE DEAD SEA LIMNOLOGICAL SYSTEMS
Lake Lisan existed between ~70 and 14 ka BP (Kaufman 1971; Haase-Schramm et al. 2004) . During the time of highest water level (>170 meters below mean sea level [m bmsl]), the lake extended over about 300 km from the Sea of Galilee in the north to the Hazeva area in the south. The Lisan Formation, which was deposited within the lake and its surrounding fan deltas, consists mainly of chemical precipitates, aragonite and gypsum, and clastic material transported by floods. The aragonite appears in thin (~0.5-1 mm thick) laminae alternating with detrital laminae of similar or larger thickness. The aragonite precipitated most likely from the surface water and is preserved in its primary state due to the dry climate in the Dead Sea basin and the high Mg/Ca ratio of interstitial soluble salts (remnants of the former porewater; Katz and Kolodny 1989; Stein et al. 1997 ).
The excellent preservation and high U concentrations (~3 ppm) of Lisan aragonite make it useful for 234 U-230 Th dating (Kaufman 1971; Schramm et al. 2000; Haase-Schramm et al. 2004 ). The U-Th ages established by TIMS on aragonites from the Perazim Valley (PZ1) section lie in the range of 70 to 14 ka BP (Haase- Schramm et al. 2004 ).
The average rate of aragonite precipitation during the Lisan period was 1.5 m eq HCO 3 per cm 2 yr -1 , which is 4 to 5 times higher than the rate of the present Dead Sea (Barkan et al. 2001) . Such a high precipitation rate required a substantial supply of bicarbonate to the lake, which was furnished by the incoming freshwater that most likely stratified the water column . The lower density surface layer reached aragonite saturation.
At ~13 ka cal BP, Lake Lisan receded rapidly, arriving to its minimum level of below 500 m bmsl (Stein 2002) . The lake (now termed the "Dead Sea") recovered at the beginning of the Holocene, when it stabilized around the elevation of 400 m bmsl with a few fluctuations of up to 30 m (KenTor et al. 2002; Bookman et al. 2004; Migowski et al. 2004 ). The sedimentary lacustrine section of the Holocene Dead Sea resembles that of Lake Lisan, where sequences of aragonite and silty detritus alternate with thicker sandy and gypsum layers. During the past several hundred years, the Dead Sea has stabilized as a 2-layered meromictic lake, which was disrupted by the 1978 overturn (Stiller and Chung 1984) .
C RESERVOIR AGES IN LAKE LISAN-DEAD SEA ARAGONITES
The RAs in the late Pleistocene Lake Lisan and the Holocene Dead Sea are evaluated by subtracting the U-Th calendar age of Lisan aragonite or the 14 C age (ka BP) of organic debris (such as wood remains, leaves, twigs) from the measured 14 C age (ka BP) of the aragonite laminae in the same stratigraphic horizon (Table 1) . Samples were collected in the Perazim Valley section (PZ1, described by Haase- Schramm et al. 2004) , Massada section (beneath the archaeological site, see Bartov et al. 2002) , and in the Ze'elim gully , and were recovered from a sedimentary core drilled in Ein Gedi spa (Migowski et al. 2004 ). 14 C data are listed in Table 1 and are illustrated in Figure 1 against the level chronology of the lakes. During the Holocene, the RA displays temporal decrease from an elevated value of 6 ka at ~7.6 ka cal BP (after the Dead Sea sharp fall at 8.1 ka cal BP) to 2.2 ka at present. One pair that was sampled below the high RA peak, at 9.1 ka cal BP, yielded a lower RA of 3.3 ka. It appears that the brine carried an older 14 C memory from the earlier stages of the Holocene and the post-glacial period (when the lake level was at its minimum stand; Stein 2002) . When the first aragonite deposited at ~7.6 ka cal BP, the mixed layer accommodated a significant contribution of old carbon from the brine. During the Lisan period (considering the time intervals where aragonite-organic debris pairs are available), the RAs cluster around 2 values: (1) about zero between 36 and 32 ka BP; and (2) 1.6 ± 0.3 ka, between 24 and 20 ka BP. Figure 2 displays the RAs at various lake-level conditions. It appears that the RA is related in a complicated way to the lake level, which is the most prominent hydrological indicator in the lake system. While the early Holocene Dead Sea shows RAs that are significantly higher than Lake Lisan, the mid-late Holocene Dead Sea (past 4000 yr) RAs are not much different from the high-stand Lake Lisan (2.3 ± 0.1 ka compared with 1.6 ± 0.3 ka, respectively). More surprising is the zero RA recorded by Lake Lisan at its "typical" elevation of ~280 m bmsl. These observations indicate that the RA is not a simple function of freshwater bicarbonate supply to the lake, and other factors such as 14 C decay in the water body are involved.
DISCUSSION

Residence Time of 14 C in the Modern Dead Sea
The dynamics of the carbonate system of the Dead Sea were investigated after unusually high rainfall and enhanced runoff in the winter of 1991/92, which came after years of continuous retreat mainly due to anthropogenic interference (Barkan et al. 2001 ). The intense flooding formed a shallow pycnocline that divided the water column into 2 dissolved inorganic carbon (DIC) reservoirs: the shallow (about 20 m deep) surface mixed layer DIC reservoir opened to the atmosphere, and a large deep water DIC reservoir isolated from the atmosphere. This salinity stratification of the Dead Sea lasted for more than 2 yr. The average DIC value in the Dead Sea is 850 µmol·kg -1 , which is much lower than in the freshwater runoff. The measured was very high, approximately 2000 µatm (compared to the atmospheric value of 355 µatm) at all depths. This high Figure 1 Reservoir ages (RA in ka units) during various water levels of the Last Glacial Lake Lisan and the Holocene Dead Sea. Lake-level data are from Bartov et al. 2002 Bartov et al. , 2003 Bookman et al. 2004; Migowski et al. 2004 . 
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represents a DIC excess (above equilibrium with atmospheric CO 2 ) of about 300 µmol·kg -1 , which is equivalent to 40% of the DIC. The carbon fluxes in the Dead Sea as estimated for the years 1992 to 1994 were (1) HCO 3 -influx with floods of 2.1 mol·m -2 ·a -1 ); (2) CaCO 3 precipitation of 1.4 mol·m -2 ·a -1 that occurred in the mixed layer; and (3) a large CO 2 escape to the atmosphere of 4 mol·m -2 ·a -1 driven by the high .
The overall DIC balance for the mixed layer suggested a net DIC loss of 3.3 mol·m -2 ·a -1 , which can potentially deplete the mixed layer DIC within 10 yr and the whole water column within about 100 yr. Earlier DIC data (Neev and Emery 1967; Luz et al. 1997) suggested that these conditions of >> also prevailed in the deep-water column during the several centuries of continuous meromictic stages which prevailed before the 1978 overturn (Stiller and Chung 1984; Barkan et al. 2001) . The existence of such high over a time period that is longer than the calculated residence time of DIC in the deep-water mass of the Dead Sea suggests that the deep DIC reservoir (the main DIC reservoir of the Dead Sea) remained during the whole meromictic stage. Thus, the 14 C content of the large deep-water reservoir was several hundred years old when ventilated during the 1978 overturn, increasing the RA of the newly formed mixed layer.
When the lake is stratified during meromictic stages, the 14 C content of the surface mixed layer (from which the authigenic carbonate precipitates) may change rapidly. For example, in the modern Dead Sea, the residence time of carbon in the mixed layer is about 8 yr, implying that the RA may approach zero after about 20 yr of continuous stratification. On the other hand, during the holomictic stage (when the lake mixes entirely at least during one period a year), the deep-water column serves as a buffer for abrupt changes in the 14 C content of surface water and, hence, the RA of the lake. Figure 2 Reservoir age (RA in ka) versus calibrated 14 C age in the Holocene core drilled at Ein Gedi shore. Note the fast decrease from the reservoir age peak at 7.6 ka cal BP, and the following moderate decrease in the reservoir age, reflecting the decrease in DIC supply of springs with low DI 14 C (groundwater DIC source with low 14 C content) and the continuous replenishment by runoff water with high DI 14 C content (atmospheric 14 C). 
Residence Time of 14 C in the Old Lakes
The high peak of the RA at 7.6 ka cal BP, when the Dead Sea was at one of its lowest stands 417 m bmsl (Migowski et al. 2004) , and the secular decrease in RA that followed this RA peak are key observations for understanding the behavior of 14 C in the old lakes. We suggest that the extremely high RA (6 ka) at 7.6 ka cal BP indicates that i) springs (mainly saline springs having very low 14 C) were the main freshwater input into the Dead Sea during its low-stand, while runoff input (with high 14 C) was virtually shut down; and ii) the Dead Sea remnant brine that filled the deep basin after the strong retreat at 8.1 ka cal BP could have been isolated for several thousand years ( Figure  1 ), causing additional decrease in 14 C content due to decay. When the hydrological system recovered and runoff re-entered the lake, the RA began its continuous decrease towards the present value of 2.2 ka (Figure 2 ). This decrease is the result of continuous mixing of freshwater with atmospheric 14 C with the Dead Sea brine. At ~3.3 ka cal BP, the Dead Sea level dropped again Migowski et al. 2004 ). Yet, we see no increase in the RA during the time interval of 4.1 to 1.1 ka cal BP. This may indicate that the threshold lake level is between 420 and 450 m bmsl (Figure 1) : when the lake level is above this threshold, runoff is the main DIC supply of the lake; and when the lake level is below this threshold, springs (fresh and saline groundwater sources) are the main DIC source of the lake. Apparently, the level decrease at ~3.3 ka cal BP was not accompanied by long brine isolation that could support an additional increase in RA due to 14 C decay.
During the Lisan time (70 to 14 ka BP), the RA was significantly lower than the Holocene value ( Figure 1 and Table 1 ), suggesting that the main DIC input was runoff and the brine was never isolated for long periods of time from the mixed layer. The lake level during that period was always above the threshold level (Figure 1 ). The data shows that Lake Lisan had a zero RA value during the time interval that ended just before the lake reached its highest stand (Figure 1 ). This zero RA value was measured for the time interval that ends at the dating limit of the 14 C method. The lake level at this period was stabilized at 280 m bmsl (Bartov et al. 2002) , some 120 m above the present-day level of the Dead Sea. It is possible that the RA of Lake Lisan was zero before its highest stand due to fast replenishment of the surface water with runoff DIC (with high 14 C content). The increase in lake area during the high-stand may have added "new" low 14 C DIC sources. It is well documented that during the period of maximum stand (26-24 ka cal BP), Lake Lisan converged with the northern Sea of Galilee (Hazan et al., forthcoming) . The high-stand was characterized by a stable layered configuration that persisted for several thousand years during which 14 C content of the lower brine decreased. Thus, some contribution to RA in the mixed layer could come from the brine. In addition, the aquifers formed during the lake's highest stand may have supplied spring waters with low 14 C content, which kept a low RA during the time after the highest stand.
CONCLUSIONS
The Holocene Dead Sea and late Pleistocene Lake Lisan were characterized by varying reservoir ages. In the Holocene Dead Sea, the RA ranges between 2.2 and 6 ka; and in the Lisan, they range from zero to 2.0 ka. These variations reflect the proportions of DIC supplied by freshwater from runoff and springs and periods of brine isolation and mixing with the surface (aragonite precipitating) layer.
The data of the last 36 ka of the lake suggest that the Lisan time was characterized by 2 modes of limnological operation and 14 C content: (1) relatively low lake levels, when fast replenishment of the mixed layer occurred, were characterized by zero RA; (2) long high-stand periods, when the lake
